ABSTRACT The possible involvement of natural killer cytotoxic factors (NKCF) in the lytic mechanism of natural killer (NK) cell-mediated cytotoxicity (CMC) was investigated by studying the mechanism of NK resistance of variant clones of the YAC-1 cell line. The NK-resistant YAC-1 (YAC-R) clones were generated by prolonged culture of the initially NK-sensitive YAC-1 cell line in the presence of NKCF. The YAC-R clones were resistant to lysis by NKCF as well as lysis by NK cells in a CMC assay. The defect was specific for NK CMC because the YAC-R clones could still be lysed by alloimmune cytotoxic T lymphocytes. Experiments to determine the mechanism of NK resistance of the YAC-R clones indicated that they still possessed the NK recognition structures because they formed a normal number of conjugates with murine spleen cells. In addition, the YAC-R clones, like the parental YAC-1 cell line, were able to stimulate the release of NKCF during coculture with spleen cells. However, the YAC-R clones, in contrast to YAC-1 cells, were unable to adsorb NKCF from cell-free supernatants of such cultures. Thus, it appears that the YAC-R clones are NK resistant due to a deficiency of NKCF binding sites. The present studies demonstrate that a NK-sensitive target cell must not only be recognized by the NK cell and stimulate release of NKCF but it must also bind NKCF for cell lysis to ultimately result. These findings support our model for the mechanism of NK CMC in which it is proposed that target cell lysis is mediated by NKCF released from the effector cell.
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Natural killer (NK) cells are found in a nonimmune cell population and have the capacity to lyse certain types of NK-sensitive target cells in vitro. Although little is known about the mechanism of lysis or what factors determine whether a tumor cell is NK sensitive, it has been shown that the NK effector cell must bind to the NK target cell for the lytic reaction to take place (1) . We recently have presented a model for the mechanism of NK cell-mediated cytotoxicity (CMC) in which NK cytotoxic factors (NKCF) are released during interaction between effector and target cell and mediate target cell lysis (2) . According to this model, the first step of the reaction is recognition of and binding to the target cell by the NK effector cell. The target cell then delivers a signal to the effector cell to activate the lytic mechanism. This activation results in the release of NKCF. NKCF are deposited either directly onto the target cell membrane or they are released in soluble form in the local microenvironment of the target cell and then bind to the target cell membrane. NKCF then mediate target cell lysis in the lymphocyte-independent phase of the reaction by an, as yet, poorly understood process.
This model predicts a minimum of four requirements that must be met by the target cell for it to be considered NK sensitive: (i) the target cell must possess NK recognition structures which initiate effector cell binding to the target cell; (ii) the target cell must be capable of stimulating release of NKCF from the effector cell; (iii) the target cell must possess membrane binding sites for NKCF; (iv) the target cell must be sensitive to the lytic activity of NKCF. If any target cell lacks one of these characteristics, then it should be resistant to lysis by NK cells. Thus, all NK-resistant target cells tested to date (2, 3) have been found to be resistant to the lytic activity of NKCF.
One approach to analyzing the characteristics that determine NK sensitivity in a tumor cell is to develop and study variants of NK-sensitive cell lines that have lost their NK sensitivity. Such variants have been generated by prolonged exposure of NK target cells to NK effector cells (4, 5) , in vitro mutagenesis (6), or cloning of NK target cells in the absence of selective pressures (7) . These NK-resistant variants have been used to study the mechanism of NK CMC and to clarify what factors determine NK sensitivity in a target cell. However, such NK-resistant variants have not been tested for the site of the defect responsible for NK resistance according to our model.
If NKCF are, in fact, the lytic mediators of NK CMC, then it would be predicted that NKCF-resistant variants of the NKsensitive YAC-1 cell line also would be resistant to NK CMC. The objective of this investigation was to test that hypothesis by using NKCF-resistant YAC clones derived by prolonged culture of parental YAC-1 cells in the presence of NKCF. It was found that the NKCF-resistant clones also were resistant to NK CMC. Further characterization of these clones revealed that their NK resistance appears to be due to a lack of, or relative decrease of, NKCF binding sites on the cell membrane.
MATERIALS AND METHODS
Mice. CBA/J male mice were obtained from The Jackson Laboratory and were used at 6-12 wk of age.
Media. The medium used for generation of NKCF was RPMI 1640 supplemented with 1% L-glutamine/1% penicillin/ streptomycin/1% sodium pyruvate/1% nonessential amino acids (all from GIBCO). The medium used for NK CMC assays and generation of YAC-R cell lines was the same as above with the addition of 10% fetal calf serum (Irvine Scientific). The medium used to maintain the in vitro YAC-1 cell line was the same as that for NK CMC assays with the substitution of 50 ,ug of gentamycin per ml for the penicillin/streptomycin. Production of NKCF. Plastic nonadherent CBA/J spleen cells were suspended at a density of 5 X 106 cells per ml and were cocultured with YAC stimulator cells at a spleen cell/stimulator cell ratio of 50:1. After incubation at 370C in 7% CO2 in air for hr, the cell-free supernatants were harvested by cenAbbreviations: CMC, cell-mediated cytotoxicity; CTL, cytotoxic T lymphocyte(s); NK, natural killer; NKCF, NK cytotoxic factors.
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Preparation of 51Cr-Labeled Target Cells. NKCF Assay. Ten thousand 5"Cr-labeled target cells were added to each well of a round-bottomed microtiter plate. A different volume of cell-free supernatant containing NKCF was added to each well, and the final volume was adjusted to 0.2 ml by adding medium. The final concentration of fetal calf serum in all wells was 2.5%. The assay was incubated at 37°C in 7% CO2 in air for 16 hr and % cytotoxicity was determined as described for the NK CMC assay. In all experiments, the % spontaneous release was <35% for all target cells. Results are given as the mean of triplicate samples ± SD.
Tumor Cell Lines. Both YAC-1 and the YAC-R variants were maintained in suspension culture. YAC-R clones were cultured continuously in mediacontaining50% NKCF, exceptwhere stated otherwise.
Mycoplasma Test. In view of a recent report that target cell NK sensitivity correlated with mycoplasma infections (8) , it was deemed necessary to screen all cell lines used in this study for the presence of mycoplasma. A sensitive mycoplasma test that measures uptake of tritiated uridine and uracil was employed (9) . The results of this test indicated clearly that YAC-1 as well as the NK-resistant YAC-R clones were not infected with mycoplasma (data not shown).
Generation of Cytotoxic T Lymphocytes (CTL). C57BL/6 mice were immunized by intraperitoneal injection of 2 X 107 P815 tumor cells. Nine days later, peritoneal exudate cells were harvested and depleted of plastic adherent cells just prior to their use in a 4-hr 5"Cr-release CMC assay.
RESULTS
Generation of NK-Resistant YAC Cell Lines (YAC-R). The NK-sensitive YAC-1 tumor cell line was cultured in the presence of cell-free supernatants containing NKCF diluted 1:2 with fresh medium. Every 2 or 3 days the cells were counted, their viability was determined by trypan blue exclusion, and the cultures were fed with additional medium containing 50% NKCF. During the first 29 days of culture, viability ranged between 48% and 76% ( Fig. 1) . After 30 days of culture, there was a significant increase in the percentage of viable cells, which remained >84% until day 49. At this point, the cells were cloned by limiting dilution in the presence of NKCF. Eighteen cultures from wells that contained only one cell the day after plating, as determined by microscopic inspection, were selected for further study. These clones, designated YAC-Rl-YAC-R18, along with the parental YAC-1 target cell, all were tested for their sensitivity to lysis in a 4-hr NK CMC assay. All 18 of the clones were significantly resistant to lysis as compared to the parental YAC-1 target cell. At a 25: 1 effector cell/target cell ratio, YAC-1 cells showed 39 ± 2.5% cytotoxicity, whereas the mean % cytotoxicity for the 18 clones was 15.9 ± 4.5%, with a range of 10 ± 0.6% to 24 ± 2.5%. The two most highly resistant clones, YAC-RI and YAC-R15, were selected for further study. These clones were subeloned by limiting dilution in the presence of NKCF, and wells containing one cell were identified by microscopic examination. Three subclones, YAC-R1. 1, YAC-R1.2, and YAC-R15. 1, were used for the subsequent experiments. Except where stated otherwise, these clones were cultured continuously in the presence of NKCF.
Sensitivity of YAC-R Subelones to Lysis by NKCF and in NK CMC. The three YAC-R subclones, along with the parental YAC-1 cell line, were tested for their sensitivity to lysis by NKCF in a 16-hr 5"Cr-release assay ( Fig. 2A ). There were significant levels of cytotoxicity against YAC-1 target cells which varied directly with the concentration of NKCF in the assay. However, YAC-R1.2 and YAC-R15. 1 were completely resistant to lysis by NKCF, whereas YAC-RI. 1 was only marginally sensitive to lysis. The YAC-R subclones also were significantly resistant to lysis in a 4-hr NK CMC assay, as compared to YAC-1 target cells ( Additional experiments were performed to determine if the NK-resistant phenotype of the YAC-R clones remained stable after culturing in the absence of NKCF. The clones were cultured for a period of 7 wk in the presence or absence of NKCF and then were tested as target cells in the NK CMC assay. The results shown in Fig. 3 indicate that YAC-R clones cultured in the absence of NKCF show a moderate increase in sensitivity to lysis by NK cells, although these clones did not regain full NK sensitivity as compared to the parental YAC-1 target cell. YAC-R clones cultured in the absence of NKCF for 7 wk also showed a slight increase in sensitivity to lysis by NKCF (data not shown). Further experiments with clones cultured without NKCF for a more prolonged period of time will be necessary to determine if the YAC-R clones can completely revert to the NK-sensitive phenotype.
Mechanism by Which the YAC-R Clones are NK Resistant. The mechanism by which the YAC-R clones are NK resistant was investigated in several systems-namely, (i) susceptibility (1983) function and was employed in this study to measure effector cell binding to YAC-R clones. It was found that nylon wool nonadherent CBA spleen cells formed approximately the same number of conjugates with all three of the YAC-R subelones as compared to the parental YAC-1 cells (Table 1) . These results provide evidence that the YAC-R subclones still possess the membrane structures required for recognition and binding by the NK effector cell.
(iii) YAC-R clones stimulate release of NKCF by CBA effector cells. After binding of effector cell to target cell, the next step postulated by our model for the mechanism of NK CMC is the stimulation of release of NKCF. Therefore, the YAC-R clones were compared to YAC-1 cells for their ability to stimulate release of NKCF. Cultures were set up by using each of the YAC-R clones and YAC-1 cells as stimulator cells for the production of NKCF (see Materials and Methods). Cell-free supernatants were harvested and titrated for NKCF activity by using YAC-1 target cells. It was found that supernatants from cultures containing CBA spleen cells stimulated with the YAC-R clones contained just as much NKCF activity as those cultures with YAC-1 stimulator cells (Table 1 ). This is evidence that the YAC-R subclones are not NK resistant due to a defect in their ability to induce release of NKCF from the effector cells.
(iv) YAC-R clones show decreased adsorption ofNKCF. It was previously reported that NKCF activity can be adsorbed by YAC-1 cells and this was postulated to be one of the final steps in the mechanism of NK CMC (2). Therefore, YAC-R subclones were tested for their ability to remove NKCF activity from cell-free supernatants. The YAC-R clones were cultured in the absence of NKCF for 3 days prior to use in the adsorption experiments. The results depicted in Fig. 5 indicate that all three of the YAC-R subelones adsorb very little, if any, NKCF activity as compared to YAC-1 cells. Thus, the YAC-R clones may be NK resistant due to a relative decrease in the number of NKCF membrane binding sites as compared with the NK-sensitive YAC-1 cell line.
DISCUSSION
This-study has examined the mechanism of NK CMC by the isolation and characterization of NK-resistant variants derived by the prolonged culture of YAC-1 cells in the presence of NKCF. The YAG-R clones were shown to be resistant to lysis both by NKCF demonstrated that their NK resistance is due to the failure of the variants to effectively adsorb NKCF from supernatants of spleen cells cocultured with YAC-1 stimulator cell. These findings support our hypothesis that NKCF are involved in the lytic mechanism of NK CMC.
Based on our studies, we have proposed a model for the mechanism of NK CMC which is compatible with and extends an earlier model (1) . According to this model (Fig. 6) , the NK cytotoxic reaction proceeds via an ordered sequence of interactions between effector cell and target cell. This model predicts certain minimal requirements that must be met by the target cell to initiate and sustain the entire sequence of events leading to target cell lysis. Thus, all NK-sensitive target cells must possess a membrane structure(s) that is recognized by the effector cell and leads to effector cell-target cell binding, the capacity to stimulate the effector cell to release NKCF, a sufficient number of membrane binding sites for NKCF, and, ultimately, sensitivity to the lytic activity of NKCF. Experiments were carried out to determine which of these characteristics was lacking in the NK-resistant YAC-R clones. The data indicated that the YAC-R clones possess NK recognition structures because the ability to-form conjugates with spleen cells was the same for both YAC-1 and the YAC-R clones (Table 1) . Furthermore, the YAC-R clones were able to stimulate the release of NKCF during coculture with spleen cells (Table 1 (6) . These clones were developed after in vitro chemical mutagenesis and appeared to possess the NK target structures because they were recognized and bound to NK effector cells. It was postulated that these clones were NK resistant due to a lack of membrane acceptor sites for the NK lytic moiety. Although this postulate concurs with our findings here, there was no direct evidence presented to support this contention. If their hypothesis is correct, then according to our model, it would be predicted that the NK-resistant clones of Roder et al. (6) would be resistant to lysis by NKCF.
Although NKCF have not been well characterized biochemically, it is known that they are proteins of Mr >12,000. In view of recent evidence implicating proteases (10, 11) or phospholipases (11, 12) in the mechanism of NK CMC, it is possible that NKCF may possess similar enzymatic activity.
Recent reports have implicated lymphotoxins as the lytic mediators of human NK CMC (13, 14) . Lytic molecules present in whole supernatants containing lymphotoxin activity were found to bind rapidly to NK target cells and cause cell death in an 18-hr assay. Although these findings are similar to our system, it is not clear whether NKCF are members of the lymphotoxin family of molecules because whole supernatants were the source of cytotoxic mediators in both systems. Supernatant fractionation and biochemical analysis will be required to determine the relationship between NKCF and lymphotoxins. The 
